The removal of Pb traces from Pb-free solder is an important process in the recycling of solder. Pb must be removed before the more valuable metals are extracted, otherwise the recycling becomes less efficient and the end product impure. Pb removal by three organic acids is investigated here. Acetic acid was shown to dissolve Pb selectively from waste solder better than citric acid or oxalic acid could. Leaching for 72 h in 0.01 M acetic acid removed approximately 137 mg/L Pb from the solder at 30°C, 220 rpm; in addition, no Sn was leached. Higher concentrations of acetic acid (0.05 and 0.1 M) led to increased Sn leaching and decreased Pb leaching, similar to the results observed in citric acid. A total of 0.01 M citric acid leached 7 mg/L Pb and 1831 mg/L Sn; 0.01 M oxalic acid leached 8 mg/L Pb and 1318 mg/L Sn. A comparison using pure Pb and Sn powders showed that the leaching of both metals increased with increasing concentrations of acetic acid and citric acid, contrary to the results observed using solder.
Introduction
Solders containing Pb, particularly SnPb solders, have been widely used to attach electrical components to printed wire boards and printed circuit boards (PCBs).
1) The use of Pb, a neurotoxin, has long been deprecated, and the EU's Restriction of Hazardous Substances Directive in the 2000s has limited its use and encouraged the development of Pbfree solders such as SnAgCu and SnAgCuSb.
2) The recovery of valuable metals (e.g., Sn and Ag) from waste solder can be achieved using nitric acid 3, 4) or electrochemical leaching. 5) However, since some Pb-free solders still contain traces of Pb, this Pb should be removed prior to the extraction of the more valuable metals to prevent it remaining as an impurity in the end product. 6) The leaching of Pb from soldering materials has been attempted using various methods, including acid, alkaline, and electrochemical leaching. Meccucci and Scott 7) used electrochemical ion exchange and electrodeposition to recover Cu, Pb, and Sn from PCBs scraps. Supercritical water oxidation 8) and nitric acid leaching 4) have also been used to remove Pb from PCBs and soldering materials. Pb has also been removed from other materials such as fly ash using hydrochloric acid, acetic acid, or sodium hydroxide; 9) from computer printed wire boards and cathode ray tubes by landfill leachate; 10) from contaminated soils using electrokinetic remediation 11) or citrate, tartarate, and oxalate; 12) and from Pb-smelting slag by citric acid. 13) Leaching by organic acids is an attractive alternative emerging green technology for the removal of metals due to the biodegradability of the organic acids and the toxicity of inorganic leaching agent. Organic acids dissolve metals by supplying both protons (i.e., acidolysis) and metal-complexing anions (i.e., complexolysis). 14) Citric, oxalic, and gluconic acids produced by the organic-acid-producing fungi Aspergillus niger have been used to recover Pb, Cu, Zn, and other metals from fly ash. 15) Acetic acid has also been used to remove Pb. Nagib and Inoue 9) showed that Zn and Pb in fly ash was almost completely leached by acetic acid, and Qin et al. 16) and Halim et al. 17) studied the use of acetic acid in the leaching of Pb from contaminated soil and cementitious wastes.
This work reports the selective removal of Pb from waste SnAg solder balls by comparing the leaching of Pb and Sn using acetic, citric, and oxalic acids. The abilities of the three acids to leach metals from Pb and Sn powders were also compared. The methods examined here are expected to constitute a useful pretreatment for the removal of Pb from waste solder before its recycling.
Materials and Methods

Materials
Waste Pb-free solder balls used in this study were obtained from a recycling company in Korea. The solder contained 92.55% Sn, 1.97% Ag, and 1.35% Pb (Table 1) ; the diameter of the balls was 750 µm. The X-ray pattern of the solder shows Sn, Ag 3 Sn, Pb, and PbO. Pb and Sn powder (²99%, ¹100 mesh) were purchased from Sigma-Aldrich. Acetic, oxalic, and citric acids of reagent grade were used after filtration with a 0.22 µm pore PTFE filter for sterilization.
2.2
Comparison of leaching by acetic, citric, and oxalic acids Acetic, citric, and oxalic acids were compared at 0.01 and 0.1 M to optimize selective Pb removal. Each organic acid solution (30 mL) was added to a 50 mL conical tube containing 3 g solder. Leaching was run for 120 h in a shaking incubator at 220 rpm and 30°C. The liquid and solid were then separated and prepared for chemical analyses. All experiments were performed in triplicate. 
Effects of concentration and temperature on leach-
ing by acetic acid The leaching of Pb by acetic acid was tested at acid concentrations of 0.0010.1 M. Solutions of 30 mL acetic acid were prepared at concentrations of 0.001, 0.005, 0.01, 0.02, 0.05, and 0.1 M. They were added to 50 mL conical tubes containing 3 g solder. Leaching was run for 120 h in a shaking incubator at 220 rpm at 30 or 50°C. Every 24 h, aliquots were taken and prepared for further analyses. All experiments were performed in triplicate.
2.4 Pb and Sn leaching by acetic, citric, and oxalic acids from pure Pb and Sn powders Leaching was compared using separate samples of 3 g Sn powder and 0.04 g Pb powder (equivalent to 1.35% Pb in 3 g solder). Acetic, oxalic, and citric acids were tested at 0.01, 0.05, and 0.1 M. The leaching procedure was as described above (section 2.3). All experiments were performed in triplicate.
Analytical methods
The concentrations of Sn and Pb in each leaching liquor were analyzed by atomic absorption spectroscopy (AAS, PerkinElmer, AAnalyst 400) after separation of the residue. The concentrations of Ag and other metals were not analyzed because they were not dissolved by the organic acids. The surface of the solder before and after leaching was observed using a scanning electron microscope (SEM, JEOL6400) equipped with energy dispersive spectroscopy (EDS).
Results and Discussions
Acetic, citric, and oxalic acids (0.01 and 0.1 M) leached Pb and Sn from the waste solder for 24 h; the selective removal of Pb was then assessed (Fig. 1) . Given that the Sn content of the solder was much higher than the Pb content, a comparison of the leaching efficiencies of the two metals is irrelevant. Therefore, the concentrations of Pb and Sn in the leaching liquor, rather than their leaching efficiencies, are reported. Leaching liquors from 0.01 M acetic, oxalic, and citric acids contained 0, 1831, and 1318 mg/L of Sn, respectively, and 100, 7, and 8 mg/L of Pb, respectively (Fig. 1) . Using the three acids at 0.1 M led to leaching liquors containing 14, 997, and 742 mg/L of Sn, respectively, and 27, 1, and 2 mg/L of Pb, respectively. Pb was removed more selectively using 0.01 M acetic acid than using oxalic or citric acid.
Of the three acids, acetic acid leached Pb most selectively; its use was, therefore, further studied. Additional concentrations (0.001, 0.005, and 0.05 M) were compared (Fig. 2) . Pb leaching by acetic acid increased with increasing acid concentration up to 0.01 M; it then decreased with further increases of acid concentration (Fig. 2(a) ). In comparison, Sn leaching consistently increased with increasing acetic acid concentration (Fig. 2(b) ). Below 0.01 M acetic acid, Sn leaching was negligible. Leaching at acetic acid concentrations of 0.010.1 M was also compared at two different temperatures (30 and 50°C) (Fig. 3) . The higher temperature conditions decreased Pb leaching and increased Sn leaching. Overall, maximum amount of Pb leached was 137 mg/L (i.e., the removal ratio is 10.2%) by using 0.01 M acetic acid for 72 h.
Leaching for 72 h by the three acids was also tested using pure Pb and Sn powders (Fig. 4) to compare leaching behaviors of Pb and Sn from pure metal or alloys. Unlike the results observed for solder ( Fig. 2(a) ), similar Pb leaching was shown by acetic acid at 0.01 and 0.1 M. This powder experiment used a similar mass of Pb to the solder leaching experiment. In this test, almost all the Pb was dissolved in the acetic acid solution, based on mass calculation, possibly owing to the fine size of the Pb powder (¹100 mesh), which allowed almost all of the Pb to be exposed to the acid solution. The leaching of Pb from solder decreased with increasing concentrations of acetic acid; however, this was not observed in the pure metal powder. At 0.01 M acid, citric acid leached less Pb than did acetic acid and increasing the acid concentration to 0.1 M further increased Pb leaching. Pb was not dissolved at all by oxalic acid. Similar Sn leaching behavior was observed from both solder (Fig. 2(b) ) and metal powder (Fig. 4(b) ): Sn leaching increased with increasing acid concentration. Oxalic acid leached less Sn than did the other acids. The pH values of all the leaching solutions were constant in the most cases (Fig. 5) . Overall, these results indicate that Pb traces can be leached selectively from Pb-free solder balls by low-concentration acetic acid, while leaching of Pb and Sn from pure Sn and Pb powders increased with increasing acid concentration. The speciation of Pb in the presence of each of the three acids was modeled using the programs HYDRA/MEDUSA (https://sites.google.com/site/chemdiagr) based on the concentrations of dissociated anions (Fig. 6) . The aqueous solubility of Pb-acetate (Pb(C 2 H 3 O 2 ) 2 ) is very high (44.3 g/ 100 mL at 20°C), whereas Pb-oxalate (PbC 2 O 4 ) and Pbcitrate (Pb 3 (C 6 H 5 O 7 ) 2 ) are almost insoluble.
18) All pH of the leaching solutions were below 4 (Fig. 5) . Pb exists as ionic Pb 2+ below pH 5 in the presence of acetic acid, while it exists mainly as insoluble crystal Pb-oxalate or Pb-citrate in the other acids. With increasing concentrations of the complexing anion (i.e., oxalate or citrate), the insoluble fraction increased. Above pH 8, almost all the Pb existed as insoluble Pb(OH) 2 in each of the acids. Longer leaching did not increase metal dissolution (Fig. 2) , as reported by Bosshard et al., 15) who found that the solubilization of Pb decreased with time, probably owing to adsorption processes on suspended fly ash.
The leaching of Pb, particularly from the solder, decreased as the concentration of acetic acid increased from 0.01 to 0.1 M and as the temperature increased from 30 to 50°C. A study of the use of organic-acid-producing microorganisms for the leaching of metals from electronic scraps 19) found that Aspergillus niger formed 3 mM oxalate and 180 mM citrate, whereas Penicillium simplicissimum formed 5 mM oxalate and 20 mM citrate. However, P. simplicissimum dissolved Pb by more than 95% and Sn by about 60%, while A. niger leached Pb by about 50% and Sn by about 40%. These results indicate that higher concentrations of leaching agents do not always increase metal leaching yields.
Comparison of the surface of the solder before and after leaching (Fig. 7) shows that leaching started along the boundary of crystal grains in the solder (Figs. 7(a)7(d) ) and that weak leaching of Pb was observed in 0.01 M acetic acid (Figs. 7(c) and 7(d) ). At a higher concentration of acetic acid (0.1 M), Pb leaching decreased, while the Sn leaching increased (Figs. 2(g) and 2(h)). In addition, some precipitated crystals were observed (Figs. 7(g)7(j)), which may be tin hydroxide. Tin acetate (Sn(CH 3 COO) 2 ) has very low water solubility and a propensity to be hydrolyzed, causing the precipitation of tin hydroxides, following the equation (2Sn(CH 3 COO) 2 + 6H 2 O + O 2 § 2Sn(OH) 4 + 4CH 3 COOH (¦G: ¹120 kcal at 30°C)). These results suggest that Pb can be selectively removed by low-concentration (0.01 M) acetic acid from Sn solder with low Pb content. Despite these analyses such as speciation depending leaching concentration and temperature and SEM/EDS observation, the detailed mechanisms of this selective leaching are still unclear in a way and further study is needed. Although the total Pb removal was relatively small, possibly due to the size of the solder and its alloy form, the processes reported here constitute a potentially useful pretreatment for the removal of Pb prior to solder recycling. Furthermore, this study could be an important aid in the future development of biological techniques for the recovery of Pb from electronic scraps.
Conclusions
Acetic acid (0.01 M, 30°C) removed Pb selectively from waste Sn solder. Relatively low concentrations of acetic acid (i.e., below 0.01 M) leached only Pb, whereas citric or oxalic acid leached mainly Sn. Pb was leached differently from metal powder than from solder: Pb leaching from powder was increased in acetic or citric acid in comparison with that from solder, and the leaching increased with increasing acid concentration. Overall, this work demonstrates the feasibility of using low-concentration acetic acid to remove Pb from Sn solder with Pb trace.
